Helicobacter pylori is one of the most common infections of humans, causing variable degrees of chronic gastritis in all infected individuals, which sometimes leads to peptic ulcer, gastric atrophy, gastric adenocarcinoma, or mucosa-associated lymphoid tissue lymphoma (6, 7, 14 ). An unexplained paradox of H. pylori infection is that while the immune and inflammatory response that accompanies natural infection rarely leads to spontaneous resolution of infection, prophylactic and therapeutic immunization with H. pylori products in animal models has been demonstrated to have efficacy in preventing or reducing colonization and inflammation (6, 12, 36, 37, 41) . Following natural infection, the gastric mucosa, which normally contains few lymphocytes and inflammatory cells, is infiltrated with large numbers of neutrophils and lymphoid cells, which are highly polarized towards a Th1 cytokine response, such as gamma interferon (IFN-␥) and interleukin-12 (IL-12) (2, 11, 20, 36, 37) . It has been suggested that the Th1 polarization contributes to ongoing tissue injury and inhibition of a possibly beneficial Th2 cytokine response, such as IL-5 and IL-10 (1, 36) . Some of the inflammatory and immune events associated with H. pylori production seem to be due to innate responses of the epithelium that are not dependent on cognate immunity, such as marked upregulation of NF-B (10), IL-8 production (10), iNOS (15, 38, 48) , COX-2 (15) , and inflammatory cytokines (8, 10, 38) . Previous studies have suggested that H. pylori products may have direct, non-antigen-specific effects on production of regulatory lymphokines, such as IL-2 and IFN-␥ (1, 16, 41, 46) , and may modulate lymphocyte proliferation (4, 5, 9, 22, 23, 28-30, 39, 41, 43) . Therefore, the aim of this investigation was to further examine the possibility that the Th1 regulatory cytokine polarization of the gastric immune response is largely dependent on innate, rather than antigenspecific recognition of H. pylori products. To study this question, a reductionist model system was used, namely cultures of peripheral blood mononuclear cells (PBMCs) containing a mixture of myeloid and lymphoid cells obtained from H. pylorinegative volunteers. A secondary rationale for these experiments was to determine whether there are differences in the potential for several different H. pylori vaccine candidates to elicit innate immune responses that could be important in vaccine efficacy. ) were cultured under the same conditions. To confirm cell viability, the intracellular cytosolic enzyme lactate dehydrogenase concentration in the supernatant of the cell culture was determined (Cytotoxicity Detection Kit; Boehringer Mannheim, Indianapolis, Ind.).
MATERIALS AND METHODS

PBMCs
T-cell line. Jurkat cells, a CD4 ϩ leukemia T-cell line (clone E6-1), were obtained from the American Type Culture Collection (Rockville, Md.). Cells were maintained in culture medium (see above) in 10-ml culture flasks at 37°C in a 5% CO 2 humified atmosphere. Forty-eight hours after passing of cells into new culture flasks, cells were washed and resuspended with fresh RPMI medium 1640 for in vitro experiments. Cell suspensions (200-l total volume; 1.5 ϫ 10 6 to 2 ϫ 10 6 cells/ml) were used as described for PBMCs (see above). H. pylori products. Briefly, H. pylori (UMAB 41 strain [19] , cagA positive) was cultured on blood agar (brucella agar; Becton Dickinson, Cockeysville, Md.) or with the Difco Laboratories (Detroit, Mich.) campylobacter agar kit, supplemented with defibrinated sheep blood (10%; Waltz Farm, Smithburg, Md.) and amphotericin B (2 g/ml; Biofluids, Inc., Rockville, Md.) under microaerophilic conditions (BBL CampyPak; Becton Dickinson Microbiology Systems). After passing H. pylori cultures three or four times and 5 days of the final culture, bacteria were harvested by scraping colonies from the agar surface and transfering them into sterile ice-cold PBS. Bacteria were washed twice and resuspended in sterile PBS. The concentration of bacteria was estimated by using the formula an absorbance of 0.1 ϭ 10 8 bacteria/ml. A portion of the intact bacteria was frozen at Ϫ80°C prior to use. These bacterial cells were not viable when recultured under the conditions described above. A portion of the bacterial solution was disrupted with a French press (American Instruments Co., Silver Spring, Md.) to produce bacterial lysates. Protein content was determined with the bicinchoninic acid protein assay (Pierce, Rockford, Ill.). Stock solutions were diluted to the appropriate concentrations (3.125 to 200 g of protein/ml), aliquoted, and frozen at Ϫ80°C until use. Fifty micrograms of protein/ml of solution is defined as equivalent to 2.28 ϫ 10 8 bacteria (48) . Recombinant enzymatically inactive urease, containing both UreA and UreB, was kindly provided by Oravax, Inc. (Cambridge, Mass.). In some studies, urease, H. pylori lysate, and intact bacteria were either boiled for 30 min or treated with proteinase K (final concentration, 10 g/ml; Gibco BRL, Life Technologies, Gaithersburg, Md.) for 1 h at 37°C prior to use in cell culture experiments. Genomic DNA was isolated by a previously described method (34) . Briefly, H. pylori bacteria were harvested, washed, suspended in solubilization buffer supplemented with proteinase K (final concentration, 100 g/ml), and incubated at 55°C for 5 h. DNA was extracted , and finally incubated with RNase (final concentration, 50 g/ml; Boehringer Mannheim Co.) at 37°C for 1 h. The extraction was repeated once without the RNase incubation step to achieve higher purity of protein-free genomic DNA. Samples were stored at Ϫ80°C until use.
Antibodies. In some experiments, monoclonal mouse anti-human IFN-␥ (final concentration, 10 g/ml) and polyvalent goat anti-human IL-12p40 (final concentration, 5 g/ml) antibodies (both obtained from R & D Systems, Minneapolis, Minn.) and their isotype-matched controls were added to cultures.
Cytokine assays. Twenty-four hours after initiation of cell culture, 150 l of supernatants from duplicate or triplicate samples was pooled and frozen at Ϫ80°C until cytokine content was determined by using commercial enzymelinked immunosorbent assay (ELISA) kits for IL-2 (INCstar, Stillwater, Minn.), IFN-␥, IL-5, IL-10, and IL-12p40 (R & D Systems) according to the instructions of the manufacturer. Samples were thawed only once for analysis of each cytokine. The IL-2 assay is a solid-phase enzyme amplified-sensitivity immunoassay performed on a microtiter plate. The IFN-␥, IL-5, IL-10, and IL-12p40 assays (R & D Systems) employ the quantitative sandwich enzyme immunoassay technique. Standard curves were constructed according to the manufacturer's instructions. The minimum detectable cytokine concentrations are estimated to be 0.1 U/ml for IL-2, Ͻ3 pg/ml for IFN-␥ and IL-5, 5 pg/ml for IL-12, and 1.5 pg/ml for IL-10, respectively. Results are expressed as means Ϯ standard errors.
Proliferation assay. Tritium incorporation was used as an estimate for cell growth and DNA synthesis. After 24 h of cell culture under different conditions, 1 Ci of [methyl-
3 H]thymidine (Amersham Co., Arlington Heights, Ill.) was added to each well of cell cultures for 12 h. Incubation was then stopped, and incorporated radioactivity was measured in cpm with a 1205 betaplate liquid scintillation counter (Wallac, Inc., Gaithersburg, Md.). The results are expressed as means Ϯ standard errors.
Statistics. Analyses were performed with Statview 4.5 and superANOVA software for the Macintosh (SAS Institute, Inc., Cary, N.C.). When single comparisons were made, the Student t test was used, applying paired or unpaired analysis as appropriate. The normal distribution was tested prior to use of the paired t test. When multiple comparisons between groups were performed, one-way analysis of variance was used, followed by the Student-Newman-Keuls multiple comparisons procedure. Correlation analysis was performed with the Z test. Differences of P Ͻ 0.05 were considered significant.
RESULTS
In initial experiments to examine the effects of different H. pylori preparations on cytokine production by naïve PBMCs, PBMCs were either cultured with H. pylori products alone or with the addition of a potent stimulus, PHA plus PMA. The choice of cytokines included examples of cytokines that play important roles in modulation of immune responses, including IL-2, IFN-␥, IL-5, IL-10, and IL-12. As shown in Fig. 1, H. pylori urease, whole-cell lysate, and intact, nonviable bacteria all had a similar ability to induce production of IFN-␥, IL-10, and IL-12 by naïve PBMCs at high concentrations of H. pylori products (50 g/ml). Very low or undetectable levels of IL-2 and IL-5 were found in the same cultures. In mitogen-stimulated cultures, H. pylori preparations had no significant effect on production of mitogen-stimulated IFN-␥, IL-5, IL-10, and IL-12. However, mitogen-stimulated IL-2 production was lower in cultures containing H. pylori products (Fig. 1) . Increased production of IFN-␥, IL-10, and IL-12, but not IL-2 or IL-5, was stimulated over a wide dose range by H. pylori products ( Fig. 2A) . There was no significant effect of H. pylori products on mitogen-stimulated production of IFN-␥, IL-5, IL-10, and IL-12 except at very high doses of bacterial products (Fig. 2B) .
All three H. pylori products demonstrated dose-dependent inhibition of mitogen-stimulated IL-2 production by PBMCs (Fig. 3) . To determine whether the inhibitory effect of H. pylori on IL-2 was due to interaction of different cell types in the PBMC preparations or whether H. pylori could have a direct effect on T cells, we carried out similar experiments with mitogen-stimulated Jurkat T cells and found similar dose-dependent inhibition of IL-2 production by this T-cell line (Fig. 3) .
Because of the significant upregulation of IFN-␥ and IL-12 production by H. pylori-stimulated PBMCs, we sought to determine whether the IFN-␥ production was dependent on IL-12. Addition of blocking doses of anti-IL-12p40 antibody to cultures of either resting or mitogen-stimulated PBMCs resulted in partial inhibition of IFN-␥ production (Fig. 4) , suggesting that the effect of H. pylori products on IFN-␥ production was partially a direct effect, rather than an indirect effect mediated through induction of IL-12. Addition of blocking anti-IFN-␥ antibodies had no significant effect on secretion of IL-12p40 by PBMCs stimulated with different H. pylori products (not shown).
We also examined the effects of H. pylori products on proliferation of PBMCs. H. pylori products stimulated minimal proliferation of resting PBMCs, and H. pylori lysate and intact bacteria, but not urease, inhibited mitogen-stimulated proliferation by PBMCs in a dose-dependent fashion (Fig. 5 ). There was a significant correlation between the ability of H. pylori bacteria and lysate to inhibit IL-2 production and the ability to inhibit proliferation of PBMCs (bacteria, r ϭ 0.668; P ϭ 0.015; lysate, r ϭ 0.614, P ϭ 0.03). Similarly, H. pylori products had little effect on the spontaneous proliferation of the Jurkat T-cell line; however, higher doses of H. pylori lysate and intact bacteria demonstrated inhibition of Jurkat T-cell proliferation when cultured with mitogens (Fig. 5) .
We next carried out experiments to determine whether the modulatory factors present in H. pylori preparations were protein or nonprotein factors. The inhibitory effect of H. pylori lysate (100 g/ml) on mitogen-stimulated IL-2 production by PBMCs was found to be diminished from 98% to 40% by boiling and from 98% to 56% by protease treatment (not shown). Since bacterial CpG islands have been shown to be immunostimulatory in other systems (see below), we cultured resting or mitogen-stimulated PBMCs with H. pylori genomic DNA. Bacterial DNA enhanced secretion of IFN-␥ and IL-12 by resting and mitogen-stimulated PBMCs (Fig. 6A and B) and inhibited expression of IL-2 (Fig. 6C ), but had no significant effects on secretion of IL-5 or IL-10 (not shown).
DISCUSSION
Colonization of the gastric mucosa by H. pylori in most individuals is associated with a chronic inflammatory and immune response that on the one hand probably accounts for the diseases caused by H. pylori, but on the other hand does not clear the infection. The lifelong adaptation of H. pylori, which is noninvasive or minimally invasive (17, 18, 32, 38) with the host inflammatory and immune response (6, 7, 14, 38) is distinctly different from invasive enteric pathogens, such as Salmonella and Shigella species, that are usually associated with self-limited infection and generation of protective immunity (42, 47) . Interestingly, both invasive enteric pathogens and H. pylori generate innate immune responses characterized by intense inflammation and immunity (6, 7, 14, 38, 42, 47) dominated by Th1 cytokine (such as IFN-␥ and IL-12) production (2, 11, 20, 36, 37, 42) . This raises the question as to whether the persistence of H. pylori is primarily due to inaccessibility of the intraluminal bacteria to mucosal immune effector mechanisms or is due to other qualitative or quantitative differences in the inflammatory and immune response that favor persistent bacterial colonization. Although enterocytes likely contribute critical signals in the response, such as IL-8 production (10), the innate and adaptive immune response to H. pylori most likely includes interaction of bacteria with intramucosal cells, including cells of macrophage and lymphoid lineage due to translocation of bacterial products across the epithelium (17, 18, 32) . Therefore, the primary focus of this investigation was to evaluate the potential for different H. pylori products to elicit innate immune responses, and, in particular, cytokine responses that could play an important role in modulating adaptive immunity.
The initial experiments comparing three distinctly different H. pylori preparations-intact bacteria, a crude whole-bacterial-cell lysate, and recombinant enzymatically inactive ureasedemonstrated dose-dependent induction of IL-10, IL-12p40, and IFN-␥ secretion by PBMCs, but no significant induction of IL-2 or IL-5. These observations are confirmatory of the observations of previous studies which have demonstrated induction of IFN-␥, IL-10, and IL-12 in naïve PBMC cultures with several different types of bacterial preparations (2, 13, 16) . It is interesting that there were no major differences in the cytokine-inducing activities of the three different preparations used, suggesting broad recognition of H. pylori products by innate mechanisms. Since IL-12 is thought to be a critical regulatory cytokine for IFN-␥ production (2, 13, 16), we examined the effect of blocking anti-IL-12 antibodies and observed only modest effects on IFN-␥ production. This suggests that the stimulatory effect of H. pylori products on their target cells, which are not defined, is largely independent of IL-12. The direct activation of IFN-␥ and IL-12 production by H. pylori products suggests that this is a possible mechanism for the observed in vivo predominance of Th1 cytokine (IFN-␥)-expressing cells in the gastric mucosa of H. pylori-infected patients (1, 16, 41, 46) and the in vitro increased production of IL-10 and IL-12 in gastric biopsies from infected patients (2). Furthermore, based on studies of IFN-␥ (Ϫ/Ϫ) mice, the presence of this cytokine is critical not only for inflammation, but also for downregulation of bacterial colonization (41) . The biological effects of increased IL-10 production in H. pylori gastritis are unknown, but based on the observation of more severe gastritis in H. felis-infected IL-10 (Ϫ/Ϫ) mice compared to controls (3), IL-10 may contribute to a protective response.
We simultaneously carried out experiments to evaluate the potential for the same three H. pylori preparations to modulate cytokine responses by adding them to mitogen-stimulated cultures. These experiments revealed inhibition of high-output mitogen-stimulated IL-5, IL-10, IL-12, and IFN-␥ production only at very high doses of bacteria or bacterial protein. In contrast, dose-dependent inhibition of mitogen-stimulated IL-2 production was observed at lower concentrations of bacterial preparations. The effect of H. pylori products on inhibition of IL-2 production may be a direct effect on T cells, rather than an indirect effect mediated through other cell types, since we also observed direct inhibition of IL-2 production by a Jurkat T-cell line. We have previously shown that other bacterial products, isolated from enteropathogenic Escherichia coli, directly inhibit cytokine production by T cells (24, 25, 33) . It is presently unknown whether H. pylori gastritis is associated with inhibition of IL-2 production in vivo or whether IL-2 plays an important role in disease pathogenesis, as might be determined by study of IL-2 (Ϫ/Ϫ) mice. If H. pylori products limit expression of IL-2 in vivo, then there are a number of possible implications of this finding. First, IL-2 is one critical cytokine necessary for expansion of immune responses, and thus, inhibition of IL-2 could limit the magnitude of the overall immune response. Second, cell proliferation is required for activation of IL-4 gene expression from naïve lymphocytes (39) , and thus inhibition of IL-2 could limit expansion of a Th2 cytokine response. Our results clearly demonstrate that H. pylori products not only inhibit IL-2 production, but also inhibit mitogen-stimulated proliferation of PBMCs and Jurkat T cells. However, the inhibitory effect on cell proliferation was only observed for intact H. pylori bacteria or lysate, but not for urease, while inhibition of IL-2 production was observed with all three products. This observation suggests that inhibition of IL-2 by H. pylori products is not sufficient for inhibition of proliferation.
The natures of the factors present in intact bacteria and bacterial lysates that both induce and inhibit cytokine production are unknown. In preliminary experiments, we found that the factor or factors that inhibit IL-2 production are heat and protease sensitive, suggesting that bacterial proteins mediate the inhibitory activity. This observation is consistent with the observations of Knipp et al. (29) showing that a protein preparation of H. pylori inhibits proliferation. In addition, it has previously been shown that recombinant CagA protein inhibits proliferation of PBMCs (40) . Our observation that recombinant urease also inhibits IL-2 production suggests that multiple different H. pylori proteins may have immunomodulatory activity.
In addition to bacterial proteins, there has been recent interest in the ability of bacterial DNA motifs to elicit innate immune responses in murine cells, including increases in NK activity, B-and T-cell activation, and production of multiple cytokines, including IL-6, IL-12, and IFN-␥, but not IL-5 or IL-10 (21, 26, 27, 31, 35, 44, 45, 49) . Surprisingly, previous studies have demonstrated that the effects of bacterial DNA on innate immune cell activation may be greater than that of bacterial lipopolysaccharide (27) . Our data demonstrate that H. pylori DNA also has the potential to activate IFN-␥ and IL-12 production by human PBMCs. The concentrations of H. pylori DNA required to elicit increased cytokine responses were high and much greater than the estimated DNA concentrations in the bacterial lysates and intact bacterial preparations used in this study. Nonetheless, it remains possible that bacterial DNA released by cell death might achieve a sufficiently high concentration in proximity of immune cells to result in activation in vivo.
In summary, the results of these studies demonstrate that different products of H. pylori, including recombinant urease, crude protein preparations, intact bacteria, and bacterial DNA, all have the capacity to modulate innate immunity. In particular, the marked upregulation of IFN-␥ and IL-12 pro- Fig. 1 ). Dunnett's test was used for statistical analysis. ‫,ء‬ P Ͻ 0.05 versus none. duction and inhibition of IL-2 production and proliferation by activated cells may contribute to Th1 polarization of the immune response observed in vivo. The capacity of a variety of different H. pylori products to elicit innate immune responses may significantly influence their potential to elicit protective immunity when used as vaccines.
